Abstract: Few studies have quantified the repeatability of reproductive decisions by individuals or assessed their relationship with environmental variables over multiple seasons for long-lived iteroparous fish species. Using individual-based data collected for 678 lake sturgeon (Acipenser fulvescens) over 8 consecutive years, we evaluated hypotheses regarding spawning periodicity and repeatability of spawning location, spawning time, and environmental cues associated with spawning. At our study site (Upper Black River, northern Michigan, USA), interspawning interval differed between males (2.3 ± 0.08 years) and females (3.7 ± 0.16 years), but was not significantly related to age. Individual spawning behavior was highly repeatable with respect to spawning time (relative day within the spawning season) for both sexes regardless of size or age, but was less repeatable, though still significant, relative to water temperature, river discharge, and lunar phase. Breeding area was also repeatable, with individuals spawning earlier in the season selecting locations further upstream than those spawning later. Repeatability in spawning times and locations suggest that subpopulation differentiation may develop among different spawning groups, even within small and spatially contiguous areas.
Introduction
Associations between environmental cues and decisions made by adults with respect to the timing and location of reproduction substantially affect interindividual variation in reproductive success and population levels of recruitment. Environmental conditions experienced by offspring during embryogenesis and early life stages are largely determined based on the timing and stream characteristics associated with location of spawning that are selected by the parents (Kamler 2002) . In aquatic habitats, for example, water temperature and stream discharge affect the timing of larval hatch (Pepin et al. 1997) , timing of larval dispersal (Duong et al. 2011a) , offspring phenotype (Mousseau and Fox 1998) , and offspring developmental rate and survival (Trippel et al. 1997; Jørgensen et al. 2008) . Generally, repeatability in expression of reproductive decisions is adaptive, given that such decisions are based on reliable cues associated with successful reproduction and recruitment (Williams and Nichols 1984) .
Many species use cues in their physical environmental to guide choices of when and where to reproduce in temporally and spatially complex aquatic landscapes (Beall and de Gaudemar 1999; Hodgson and Quinn 2002; Dahl et al. 2004) . Spawning time and breeding area selection have been attributed to genetic and physiological effects (Jennings et al. 1996; Quinn et al. 2000; Stewart et al. 2002) , adult age or size (Trépanier et al. 1996; Stewart et al. 2002) , use of alternative reproductive tactics (Morbey 2003) , social influences (Brown and Laland 2003) , and olfactory cues (Dittman and Quinn 1996) . External cues are important because environmental variables that affect spawning site quality are related to offspring survival (Malcolm et al. 2009; Smith and Marsden 2009) . Survival during early life stages is in turn often related to recruitment (Bailey and Houde 1989) .
Despite the importance of selecting favorable spawning times and locations, comparatively few data are available regarding individual repeatability in the timing and location of reproductive events within a season (Pankhurst and King 2010) . Mechanisms controlling gametogenesis are likely acted on by selection, and therefore spawning behavior is an individual-rather than population-level attribute. If individual behaviors are repeatable, and interindividual differences can be predicted based on associations with quantifiable environmental variables, then at the population level, spawning times have should major consequences for interannual variation in recruitment (Wright and Trippel 2009) .
Riverine habitats are dynamic in space and time (Fausch et al. 2002) . Thus, cues that reflect current conditions may not enable individuals to anticipate the location or timing of future (and preferred) conditions. Long-lived iteroparous species are likely to experience different environmental conditions from year to year over multiple reproductive episodes in an individual's lifetime. Accordingly, plasticity in response to changing environmental conditions is likely and will have fitness consequences (Schlichting and Pigliucci 1998) . Even if adults use the same environmental cues (e.g., specific temperatures, flow rates, substrate types, and depth) during each reproductive event, over multiple spawning episodes, the location and time at which these cues are expressed are like to vary greatly. Therefore, variability in environmental characteristics at specific spawning locations during the course of the reproductive season and across years should decrease the degree of repeatability in an individual's selection of spawning locations and in timing of reproduction.
In addition to within-season repeatability, little is known regarding the periodicity or frequency of reproduction (i.e., interannual spawning interval across years) for individuals. The ability to acquire sufficient resources to allocate to reproduction is likely to vary among individuals (van Noordwijk and de Jong 1986) . In particular, gametogenesis and reproductive success is generally thought to be limited by resources to a greater degree in females than in males (Stearns 1992) . Accordingly, individual-based analysis are predicted to reveal that the time required to acquire sufficient resources between reproductive episodes is likely greater for females than for males.
Several predictions have been made regarding age-specific variation in interspawning interval. Based on well-established relationships among maternal investment in egg size, egg number, body size, and age (Berkeley et al. 2004; Kindsvater et al. 2011) , interspawning interval is predicted to be longer for larger (or older) females than smaller (or younger) females. From a life history perspective, the frequency of spawning may be expected to decrease in older females owing to trade-offs between investments in current vs. future reproduction (Stearns 1992) . Studies have shown that females with lower expected future reproductive potential (e.g., older females) will devote more resources to produce more and larger offspring (Marshall et al. 2010 ) and have higher frequency of reproduction (Congdon et al. 2003 ) than do younger females. For males, reproductive success is highly correlated with mate number (Bateman 1948) , which can be increased based on higher reproductive frequency.
Lake sturgeon (Acipenser fulvescens) is a useful species for individual-based studies of periodicity and repeatability in spawning time and location. Sturgeon are long-lived and iteroparous (Rochard et al. 1990; Birstein 1993; Peterson et al. 2007) , affording opportunities to gather data over multiple reproductive events. Lake sturgeon also exhibit variation in reproductive behavior, distance from spawning areas and habitats occupied during nonspawning times, and use of migratory routes that potentially affect spawning time, physiological condition, and rates of gamete maturation within and among populations. As in other fish species, early life stages of lake sturgeon experience high mortality (Kempinger 1988; Forsythe 2010) . Adult behaviors tied to environmental conditions at the time and location of reproduction may thus contribute substantially to rates of mortality during early life stages (Duong et al. 2011b ) and in turn represent a substantial component of variation in lifetime fitness.
An individual-based analysis was used to quantify the degree of repeatability in spawning time and location for lake sturgeon. Based on mark-recapture data collected over 8 consecutive years, we evaluated several hypotheses concerning individual repeatability in location and timing of reproduction and sex and age differences in repeatability in interspawning interval. First, we evaluated whether adults consistently respond to environmental cues across years and spawn at predictable locations and times. We predicted that analyses would reveal evidence for repeatability across years in repro-ductive behavior including spawning time within a breeding season (e.g., early vs. late), spawning site location within a tributary, or environmental conditions (e.g., water temperature or stream discharge that could serve as cues). Secondly, we predicted that spawning periodicity (i.e., interannual spawning interval across years) would be shorter for males than for females and would decrease as a function of age.
Materials and methods

Study location
Research was conducted over 8 consecutive years (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) ) on a lake sturgeon population located in Black Lake, Michigan, USA. The Black Lake system is well suited for conducting ecological long-term research. It is dammed and thus closed to immigration. Lake sturgeon use a single tributary, the Upper Black River (UBR), for reproduction and all spawning occurs within a 1.5 km stretch of the UBR that is approximately 9 km upstream from the lake (45°43′N, 84°15′W; Fig. 1 ). Upon arrival at the spawning grounds, UBR adults congregate to spawn in groups for one to several days (Forsythe 2010) . During the spawning period, individuals are easily observed and readily captured at several accessible and wadable areas (Fig. 1) . Individuals can also be visually monitored nearly continuously because of their large size and because of the narrow stream channel (<25 m), shallow water
Black Lake
Upper Black River Data collection and preparation Lake sturgeon were captured at several spawning areas within the 1.5 km stretch of the UBR (Fig. 1 ) using longhandled landing nets. Personnel searched this entire stretch of the stream by wading at least once daily during the entire spawning season each year. Captured individuals were sexed by examining cloacal morphology (Bruch et al. 2001) or by pressing on the abdomen to expel gametes. Total length (TL, cm), mass (kg), and location (area) of capture were collected at the time of capture. All individuals captured were marked with plastic external Floy tags (Floy Tag & Mfg., Inc.) using a fabric gun, as well as internal PIT (passive ntegrated transponder) tags inserted using a syringe, and identified in subsequent years using a hand-held scanner (Biomark, Inc.). Studies estimate that PIT tag retention in adult lake sturgeon (Donofrio 2007) and other sturgeon species is >95% (Clugston 1996) .
Quantitative data were collected continually throughout each spawning season on environmental and biological variables of interest to explain spawning behaviors (Forsythe 2010) . Water temperature was recorded hourly using Onset Hobo temperature loggers. Because the United States Geological Survey (USGS) stream flow gauging station on the UBR was removed in 2002, daily river discharge over the duration of the study was estimated using a statistical model (F [1, 4056] = 9355, P < 0.0001, R 2 = 0.68) that predicted daily average discharge based on the relationship between longterm historical discharge of the UBR and discharge of the Pigeon River, a nearby stream of comparable size. Discharge data for the Pigeon and UBR rivers were obtained online from the USGS National Streamflow Information Program (http://water.usgs.gov/nsip). Daily data on the lunar phase in the form of proportion of the moon illuminated were obtained from the Astronomical Applications Department of the US Naval Observatory (http://aa.usno.navy. mil/data/docs/MoonFraction.php).
Data were summarized into the following explanatory variables to be used in statistical models: average daily water temperature, average daily river discharge, 24 h rate of change in average daily water temperature, 24 h rate of change in average daily discharge (i.e., provides both direction and magnitude), 24 h lagged water temperature, 24 h lagged discharge, and the proportion of the moon illuminated each day. Recapture histories of all individual fish were recorded, and summaries of all environmental variables were linked to daily capture data based on calendar day for each year. Because the onset and duration of spawning activity varied across years, spawning time was also quantified using standardized spawning date (SSD), defined as the day of spawning for a given year (y) divided by the total duration of spawning activity (n, in days) observed for that year. The first day of spawning site arrival each year was assigned a value of 1. Thus, SSD placed the time of spawning on the same relative 0 to 1 scale across years.
Statistical analyses
All statistical analyses were conducted using linear mixed models implemented with SAS software (version 9.1, SAS Institute Inc., Cary, North Carolina). A general or generalized implementation of linear mixed models was used to accommodate the normal or non-normal nature of each response variable, respectively. Mixed effects models are appropriate for the data structure because these models can account for repeated, thus correlated, measurements on the same individual across years and thus estimate variance components within and among individuals. These variance component estimates can then be used to compute repeatability.
Spawning periodicity
Spawning periodicity, defined as the interval between observed spawning events across years, was computed as the difference in years between consecutive captures. If an individual was captured in ≥2 years over the period from 2001 to 2008, spawning periodicity was computed as the average interval between successive captures, such that each individual was represented by only one value. Spawning periodicity was then analyzed as a function of the fixed effect of sex, the covariate TL as a measure of body size, and the interaction between sex and body size. Since body size changes little between years for older individuals (Smith and Baker 2005) , TL at the first capture was used. Least square means and standard errors (SEs) were used to estimate spawning periodicity for male and female lake sturgeon as a function of body size.
Spawning repeatability
Repeatability was used to evaluate environmental covariates and the degree of consistency in lake sturgeon timing (SSD) and location (area) of spawning. Repeatability estimates are frequently used to describe the extent to which behaviors remain consistent over multiple measurements (e.g., Boake 1989; Farrell et al. 2009 ). Repeatability (r) can be defined as the ratio of among-individual variance to the total variance for a given trait and was estimated as
where b r is the estimated repeatability, b s 2 u is the estimated variance among individuals, and b s 2 e is the estimated variance within individuals (Lessells and Boag 1987) . Note that if there was no variation between multiple observations collected on the same individual (s 2 e ¼ 0), then b r ¼ 1. In contrast, if all individuals had identical mean responses, no variation would be present among individuals (s 2 u ¼ 0), and all variation would be associated with repeated observations collected on the same individual (i.e., b r ¼ 0).
To compute repeatability, we estimated s 2 u and s 2 e for dependent environmental variables, timing of reproduction (i.e., calendar day and SSD), and spawning site location. Linear mixed models were fitted separately for females and males, and thus no statistical comparisons between sexes are provided. All variance components were estimated using restricted maximum likelihood in the context of a sex-specific linear model that included an overall intercept. All models included the random effect of individual to account for correlation between repeated observations on the same individual and to estimate the random variation among individuals (i.e., s 2 u ). Sex-specific, among-and within-individual variance estiPagination not final/Pagination non finale mates, as computed using SAS (version 9.2, SAS Institute Inc., Cary, North Carolina) under the models described, were then used to calculate repeatability as per eq. 1.
We were also interested in changes in repeatability of responses as a function of increasing age. Body length is predictive of age in lake sturgeon despite slow growth rates (Baker and Borgeson 1999; Bruch et al. 2009 ) and was used as a proxy for age. We used quantiles to define three categories of body length for females and males separately. The definition of categories based on quantiles was intended to yield a similar number of observations per category. Female categories for this analysis included individuals that were (f1) 142-164 cm (28-42 years; n = 24), (f2) 166-174 cm (43-48 years; n = 24), and (f3) 175-189 cm (49-57 years; n = 22) TL, while male categories included individuals that were (m1) 112-140 cm (15-25 years; n = 77), (m2) 141-152 cm (26-30 years; n = 76), and (m3) 153-179 cm (35-52 years; n = 79) TL. Likelihood ratio tests were used to compare fit between models with homogeneous versus heterogeneous residual (within-individual) and random (amongindividuals) variance components as a function of body size (i.e., variance components are provided separately for each length category). A p value < 0.05 on a likelihood ratio test is considered evidence for improved model fit with heterogeneous variances, thereby providing significant evidence to support size-based differences in repeatability. For each response of interest, estimates of within-and among-individual variance components were used to calculate sex-specific repeatability for the gth size category (g = f1, f2, f3, m1, m2, m3), as described in the previous paragraph, such that:
where b s 2 u is the estimated variance among individuals in length category g, and b s 2 e is the estimated variance within individuals in length category g.
Spawning area selection
Temporal patterns in the use of different river areas for spawning were modeled using a generalized linear mixed model (GLIMMIX procedure, SAS version 9.2, SAS Institute Inc., Cary, North Carolina) that used the logit link function to fit the fixed effect of SSD to spawning area of capture (multinomial categorical response; see Agresti 2007) . No random factors were included in the model. The response of interest (area of capture) included six categorical levels (stream areas; Fig. 1 ). Odds ratio estimates resulting from this model are interpreted as the odds of a spawning event occurring in the focal area relative to such odds at a reference area. The spawning area furthest upstream (Area 1; Fig. 1 ) was used as a reference, based on empirical observations that spawning groups appeared to utilize spawning areas further downstream as the season progressed (Forsythe 2010 ). An odds ratio of 1 indicates that spawning is equally likely to occur in both the area of observed spawning and reference area for a given SSD. An odds ratio greater (or smaller) than 1 indicate that spawning events are more (or less, respectively) likely to occur in the observed area relative to the reference area. Inference was based on 95% confidence intervals (CIs) on odds ratios and whether these intervals included the null value of 1.
Variation in size of spawning adults arriving through the season
To determine whether body size differed between early and late spawners, a linear mixed model was fitted to the response variable TL (dependent variable) at each capture. This model included the fixed effects of sex, SSD, and their interaction. The random effects of year and individual were also included in the model to account for variation among years and for repeated measurements on each individual across years.
Results
A total of 1260 captures of 678 adult lake sturgeon were made over 8 consecutive spawning seasons (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) . This represented 70% of the estimated 966 adults (916-1044; 95% CI; E.A. Baker, unpublished data) in the population. Most individuals were captured in multiple years. Between 100 and 234 adult lake sturgeon were observed spawning in the UBR each year. Duration of spawning activity (range 19 to 43 days; Fig. 2 ) varied among years. Moreover, spawning activity was not continuous. Rather, distinct groups of males and females were observed arriving, spawning, and departing from spawning areas (Fig. 2) . The number of spawning groups and the duration of intervals between consecutive spawning groups also varied among years.
Spawning periodicity
Of the 678 adults captured between 2001 and 2008, 69 females (26% of total females captured) and 232 males (57% of total males captured) were observed spawning during at least 2 of the 8 years surveyed (Fig. 3) . Among recaptured individuals, spawning interval was significantly longer for recaptured females (3.7 ± 0.16 years, estimated least square mean ± SE) compared with recaptured males (2.3 ± 0.08 years) (F [1, 299] = 49.5, P < 0.001). The intervals between spawning observations for an individual ranged from 1 to 7 years for males and from 2 to 7 years for females (Fig. 4) . There was no statistical evidence for an overall association between spawning interval and TL (F [1, 299] = 0.04, P = 0.84). Moreover, there was no evidence for an interaction between sex and the covariate body size on interspawning interval, thereby indicating no significant difference between sexes in the rate of change of the response (F [1, 299] = 1.23, P = 0.15).
Repeatability in spawning
Repeatability estimates for spawning time were comparable in magnitude for day of calendar year and SSD (data not shown). Since SSD better facilitates comparisons among years, only results for SSD are provided. Variables with the highest repeatability estimates were comparable for both sexes and included SSD, river area, fraction of lunar illumination, and average river temperature (Table 1) . Repeatability of SSD was high for males and females (0.56 and 0.42) despite the large interannual variation in the duration of spawning (Fig. 2) . Thus, spawning time (SSD) for individual males and females could be estimated with a high degree of certainty (Fig. 5) . Based on a likelihood ratio test, there was no evidence for differences in repeatability between sex-specific size categories for most variables. In contrast, for discharge variables, statistical comparison of model fit supported heterogeneity of variances, and thus heterogeneous repeatability, among sex-specific size categories (Table 1) .
Repeatability in spawning area selection A significant association was identified between area of spawning and SSD for both male and female lake sturgeon, indicating that individuals were significantly more likely to spawn in progressively downstream areas as the spawning season progressed. Specifically, the odds of spawning in downstream areas, relative to Area 1, were estimated to increase by an overall factor of 9.7 (Area 3), 40.2 (Area 4), 90.9 (Area 5), and 31.7 (Area 6) for every 0.1 increase in standardized spawning day (P < 0.001 for each area; Fig. 6 ). No evidence for differences was apparent between Areas 1 and 2 (F [1, 1247] = 1.82; P = 0.07). The choice of different areas (1 or 2) as the reference upstream location did not affect these conclusions (data not shown).
Variation in size of spawning adults arriving through the season A significant association was also found between TL and SSD (F [1, 569] = 9.02, P = 0.0028), indicating larger (i.e., positive slope; 2.7 ± 1.2 cm (SE) increase per day) and presumably older individuals arriving at spawning areas as the season progressed. The interaction between SSD and sex was nonsignificant (F [1, 569] = 2.84; P = 0.092).
Discussion
Individual-based analyses that included data from a large proportion of the adult lake stugeon population in Black Lake revealed that variation in spawning periodicity (i.e., interannual duration between spawning events) was small, was shorter for males than for females, and was unrelated to age. We also showed that intraannual individual reproductive behaviors, such as relative spawning time within a season (i.e., early vs. late) and locations selected for breeding over 1.5 km (upstream vs. downstream), were consistent from spawn to spawn. Analyses indicated that repeatability of spawning in terms of water temperature, river discharge, and the lunar cycle was comparably lower.
Spawning periodicity
Individual-specific estimates of spawning periodicity are not commonly available for long-lived, iteroparous fish species. Interannual spawning intervals have been reported to vary with environmental cues that influence the physiological condition of individuals and rates of gonad maturation (Doroshov et al. 1997; Taylor 1986 ). Small variation in estimated spawning periodicity suggests that the frequency of reproduction in this population of lake sturgeon is unaffected by interannual variation in environmental conditions that individuals experience during nonspawning periods. This result may be specific to the Black Lake system (∼3500 ha), where yearto-year variation in environmental conditions may be small in comparison with other larger systems (i.e., the Laurentian Great Lakes). However, our estimates of spawning interval for UBR lake sturgeon (2-4 years) are comparable with those reported for other lake sturgeon populations inhabiting more expansive and potentially heterogeneous areas (Roussow 1957; Magnin 1966; Bruch et al. 2009 ). Our estimates are also consistent with other sturgeon species, including green (Acipenser medirostris) (2-4 years; Erickson and Webb 2007) , white (Acipenser transmontanus) (3-5 years; Paragamian et al. 2005) , and Atlantic sturgeon (Acipenser oxyrinchus) (3 years; Caron et al. 2002) , which have different life histories and utilize large areas of open ocean during nonspawning periods. Thus, estimates of spawning periodicity may be generalizable to other locales and sturgeon species.
Because fecundity generally increases linearly with body mass in fishes (Gross et al. 2002) , and energetic allocation to reproduction is substantially greater for larger individuals, we predicted that spawning intervals would increase with increasing age or size. In contrast, we found no evidence for an association between spawning periodicity and individual size. Number of adult lake sturgeon Times captured Fig. 4 . Estimated probabilities of female (top) and male (bottom) lake sturgeon returning to spawn in the Upper Black River, Michigan, during year t + x, given that spawning has occurred in year t. For example, there is an 18% chance that a male spawning in year t will spawn in year t + 1. Asterisks indicate upwardly biased probability estimates due to individuals likely missed between captures. Table 1 . Estimated repeatability (range: 0-1) for standardized spawning day, river area (see Fig. 1 
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Given that reproductive frequency (interspawning interval) is tied to lifetime reproductive success in long-lived species (Stearns 1992 ) and should be under selection, lack of a positive association between interspawning interval and age or size could be due to the fact that the Black Lake lake sturgeon have been harvested extensively and have a young age structure (Baker and Borgeson 1999) . Interspawning interval was significantly shorter for male than for female lake sturgeon. Differences in the reproductive frequency between sexes are likely determined by resource allocation that dictates predictably longer egg than sperm development times (Stearns 1992; Bruch et al. 2001 ). However, 13% of females were recaptured spawning within 2 years of their previous spawning, suggesting the time required to accumulate and allocate energy to reproduction may not be a constraint on spawning time for at least some individuals in this population. Further information regarding reproductive effort during each year would be needed to evaluate alternative explanations for interindividual variation in female reproductive frequency.
Differences in spawning periodicity between males and females are important in lake sturgeon and other long-lived iteroparous species, particularly in situations of low adult population size and polygamous mating systems (Sugg et al. 1996) . Spawning asynchrony between males and females will lower probabilities of encountering and mating with the same or potentially related individuals over multiple reproductive episodes. Shorter interspawning intervals for males result in male-biased operational sex ratios each year (Duong 2010; Forsythe 2010) . For broadcast-spawning species, male-biased sex ratios can be important to increase fertilization rates and reproductive success (Emlen and Oring 1977; Levitan and Petersen 1995) .
Repeatability of spawning
Spawning time is affected by physiological, environmental, and genetic factors in migratory fish (Rogers et al. 2006; Cushing 1990 ). In the UBR, lake sturgeon spawn over 23 days per year on average, with peaks of spawning activity occurring in association with phases of the lunar cycle (i.e., full or new moon), increasing water temperature, and declining river discharge (Forsythe 2010) . Lunar cycles have been implicated in endocrine activity (Takemura et al. 2004 ). Spawning during new or crescent phases of the lunar cycle may also facilitate larval dispersal from spawning sites during periods of greater darkness, thereby reducing risk of predation from visual predators. Hernandez-Leon (2008) further suggested that lunar-cued spawning activity that exposes larvae to conditions of reduced visibility (i.e., dark moon phases) or increased probabilities of encountering food at the onset of exogenous feeding (i.e., light moon phases) affects recruitment in other fish species.
Several factors should be considered when interpreting the data. Although observations were made based on captures and recaptures of approximately 70% of the estimated adult population in Black Lake, our measurements of repeatability were dominated by observations from consecutive spawning episodes over a relatively short period of time. Thus, there may be temporal autocorrelation in environmental variables that would not be evident over an individual's lifetime. However, estimates of SE for predicted SSD for individuals captured twice were not different from SE estimated from individuals captured more than two times (data not shown).
Our observations were also made from a single population, and our findings may differ in other systems. However, considerable similarities and synchrony in spawning chronology of other Great Lakes tributaries with the UBR can be found (Elliott and Gunderman 2008) , and intra-annual variability, as evidenced by multiple spawning groups within year, has been documented (Auer and Baker 2002) . Further, our quantitative results at the individual-level support reports of population-level variation documented in earlier studies (Auer 1996; Bruch and Binkowski 2002; Paragamian and Kruse 2001) . Whether repeatability would be this stereotyped in larger systems, where the window of opportunity to reproduce for individuals may be considerably larger, remains an important future avenue of research.
Our results, showing the occurrence of multiple and temporally segregated breeding groups and high repeatability of spawning date, also suggest the intriguing possibility that early and late spawning groups of adults may be reproductively isolated by time (Hendry and Day 2005) . The tendencies for adults to spawn at specific times as a function of different environmental characteristics can promote divergence in phenotypic, physiological, or life history traits of offspring (Woody et al. 2000; Hendry and Day 2005; Stillwell and Fox 2005) . For example, individuals that spawn consistently at the same time within a season may have similar gonad maturation schedules entrained by time-related environmental cues, such as photoperiod. Photoperiod has been shown to be a important cue for lake sturgeon to enter the UBR (Forsythe 2010) and to affect the timing of reproduction for other temperate fishes (Doroshov et al. 1997; Taranger et al. 1998 ; review by Migaud et al. 2010) . These patterns, along with evidence for the covariation of early life traits with environmental conditions (Crossman 2008) , suggest that subpopulation differentiation may have developed among different spawning groups. However, high repeatability for spawning time (SSD) and spawning location may also indicate future challenges for numerically depressed iteroparous species. If early and late spawning segments represent reproductively isolated subpopulations, assortative mating as a function of repeatable timing of reproduction will decrease the effective breeding population size (Frankham 1995) .
Repeatability in spawning area selection Spawning site selection can contribute greatly to variation in inter-and intra-annual reproductive success of migratory fish (e.g., Bernier-Bourgault and Magnan 2002). Our observations indicated that the UBR has numerous suitable spawning areas throughout a 1.5 km section. Despite the close proximity of spawning areas in the UBR, adults arriving earlier in the season were more likely to select locations further upstream (Areas 1-3) relative to individuals arriving later (Areas 3-6) . This trend was consistently observed across years despite inter-and intra-annual variation in temperature and stream hydrogeomorphology in the UBR (Forsythe 2010) . Similar seasonal patterns have been noted in other migratory fish (e.g., Orians and Wittenberger 1991; Doctor and Quinn 2009 ). Studies have implicated behavioral traits allowing individuals to select certain environmental features (reviewed in Olson et al. 1978; Kieffer and Colgan 1992) , including mate copying, homing, genetics (Hansen and Jonsson 1991) , or olfaction (Quinn et al. 1999 (Quinn et al. , 2006 , all of which can return individuals consistently to areas differing in intrinsic physical properties within natal streams.
Data showing early and late spawning adults consistently using different spawning areas, despite their proximity, suggest temporal variation in habitat quality within a spawning season. Alternatively, early and late spawning individuals may differ in their responses to environmental cues. This difference in spawning area selection may also reflect differences in the physiological, hormonal condition, or age-size of individuals at the time of arrival to spawning areas (Crossin et al. 2008) . Late arriving females, for example, may be in the final stages of gonad maturation and thus spawn in the first suitable (i.e., downstream) location encountered relative to females with the predisposition to arrive early and with more time to select spawning areas. Alternatively, relatively high estimates of repeatability for spawning area (especially for females) may suggest a degree of homing, genetic effects, or selection for hydro-and geomorphological cues that vary consistently across a spawning season and among locations.
Age-specific variation in reproductive behavior
Age-and sex-dependent reproductive behaviors have been reported for many species, including migratory fish (e.g., Dickerson et al. 2002; Paitz et al. 2007; Niemelä et al. 2006) . Because lake sturgeon are long-lived and individuals have opportunities to breed multiple times, repeatability could increase as a function of reproductive experience (i.e., learning), (e.g., Cyanistes caeruleus; Grieco et al. 2002) . Although repeatability associated with some environmental variables (e.g., river discharge) varied among age classes, we found no statistical evidence that repeatability for SSD or for environmental conditions changed over size categories that are generally related to increasing age. Lower repeatability in male spawning time may be a reflection of sex-based alternative reproductive strategies or greater flexibility in reproduction among males (Bateman 1948; Shuster and Wade 2003) , whereby males may modify where and when they spawn to increase mate number based on the timing of spawning and locations used by females.
Broader implications
Sturgeons have complex life histories that provide opportunities to document environmental effects on reproductive activities at the individual and population levels over multiple temporal and spatial scales. However, these long-lived fishes are among the least-studied fishes in North America. Most species are also declining world-wide because of anthropogenic influences. These influences modify spawning habitats, which decouple associations between the timing of reproduction and environmental conditions and can be tied to offspring survival (Pörtner and Farrell 2008) .
Studies that have attempted to document the degree of spatial and temporal segregation of breeding groups at comparatively small scales have been hampered by a lack of long-term data (Doctor and Quinn 2009) . Based on our 8-year time series (Forsythe 2010; Duong 2010 ; data presented here), we suggest that for lake sturgeon, and potentially populations of other long-lived iteroparous fish species, environmental conditions during spawning events at certain times and locations within a spawning season may be more predictive of recruitment at the population level than population demographic composition (i.e., the number of spawning adults utilizing these locations). High repeatability for spawning time, and findings showing that temperature and discharge are important cues that individuals responded to repeatedly across reproductive episodes (Forsythe 2010) , can be used to guide management decisions associated with dam operations and to predict timing and location of spawning in response to natural interand intra-annual environmental variation.
